Dirnagl,
Ulrich, Kiyoshi Niwa, Ute Lindauer, and Arno Villringer.
Coupling of cerebral blood flow to neuronal activation: role of adenosine and nitric oxide. Am. J. PhysioZ. 267 (Heart Circ. Physiol. 36): H296-H301, 1994.-We studied the role and relationship of the putative mediators of coupling of cerebral blood flow (CBF) and neuronal activation, adenosine (Ado) and nitric oxide (NO). Topical brain application over the whisker barrel cortex of anesthetized rats (n = 24) of the Ado receptor antagonist theophylline (Theo, 5 x 10e5 M) for 30 min reduced the CBF response to deflection of the contralatera1 whiskers from 17.9 t 3.0% of baseline to 10.6 t 2.7% (P < 0.05). Coapplication of Theo (5 x lop5 M) and the NO synthase blocker N"-nitro-L-arginine (L-NNA, lop3 M) for 30 min led to a further reduction in the CBF response to whisker stimulation to 7.5 I~I 1.3% (P < 0.05 compared with Theo alone). The CBF effect of sodium nitroprusside (lop5 M) was not affected by Theo-L-NNA coapplication (122 sf~ 25 vs. 140 2 25%, n = 5). Application of adenosine deaminase (1 U/ml, n = 5) reduced the CBF response to whisker stimulation from 18.2 2 0.7 to 10.7 & 1.9% (P < 0.05). Superfusion of L-NNA (10m3 M, 30 min, n = 7) attenuated the CBF response to application of Ado (lop4 M) from 39.4 + 10.4 to 22.9 t 10.5% (P < 0.05). No-nitro-D-arginine did not affect the CBF response to Ado (n = 5). We conclude that 1) Ado is involved in coupling of CBF to neuronal activation, 2) NO is involved in this response as well, and 3) there is an interaction between the vasodilator pathways of Ado and NO. adenosine deaminase; laser-Doppler flow; iV"-nitro+arginine; rat somatosensory stimulation; sodium nitroprusside; theophylline; whisker barrel NEURONAL ACTIVATION and cerebral blood flow (CBF) are tightly coupled in both the resting and the stimulated brain. Neuronal activity and CBF coupling is in fact so tight that it is used to study local neuronal activity by measuring regional CBF (rCBF) or hemodynamics. Although under investigation since the phenomenon was first proposed in a classical paper by Roy and Sherrington (26), the exact mechanisms underlying the coupling of CBF and neural activity are not fully understood. With the advent of new methods capable of measuring the changes in cerebral blood oxygenation during functional activation with high spatial (15) and temporal (31) resolution in humans, the interest in coupling has been revived.
Several vasodilator products of neuronal and glial metabolism during activation, including H+ (16), K+ (25), nitric oxide (NO) (59, 11,22), and adenosine, have been implicated as mediators of CBF coupling. A key role for adenosine in the regulation of CBF has been proposed by a number of investigators. The "adenosine hypothesis" (27) of metabolic coupling states that if there is a mismatch between energy and/or oxygen consumption and substrate delivery, either by a rise in tissue metabolism (neuronal stimulation) or a decrease in tissue perfusion-substrate delivery (ischemia-hypoxia), dephosphorylation of the energy-rich adenosine nucleotides leads to rising adenosine concentrations within the cells and in the extracellular space, resulting in adenosine-mediated vasodilation. There is convincing experimental evidence that this mechanism is involved in the CBF changes during and after cerebral hypoxia (e.g., Ref. 20) and ischemia-reperfusion (e.g., Ref.
2). It is less clear however, whether adenosine is involved in the physiological coupling of rCBF to changes in neuronal activity.
The experimental evidence that adenosine is in fact a major link between CBF and metabolic activity rests mainly on studies demonstrating that the pial arteriolar vasodilation in primary somatosensory (SI) cortex elicited by electrical stimulation of the sciatic nerve (21) can be strongly attenuated by adenosine receptor antagonists (e.g., methylxanthines) and enhanced by substances increasing extracellular adenosine concentrations (e.g., dipyridamole; Ref. 14).
For a number of reasons, the concept that adenosine plays a significant role in coupling of CBF to physiological stimulation has been challenged recently. With the use of the sciatic nerve stimulation protocol, negative findings regarding the role of adenosine in coupling were reported (23). In addition, with the use of physiological somatosensory stimulation paradigms and measurement techniques in various species including humans, a characteristic hemodynamic response to stimulation possibly distinct from the responses to electrical stimulation was revealed (3, 5, 15, 18, 31). With positron emission tomography in humans it was shown that during somatosensory stimulation only very small increases in oxidative metabolism occur (7). It has been proposed (23) that this uncoupling of oxidative metabolism and rCBF during stimulation argues against the adenosine hypothesis. Finally, a number of recent studies (5, 9, 11, 22) have suggested an important role in coupling for the short-lived bioradical NO.
The present study aims at reevaluating the role of adenosine for coupling using a physiological somatosensory stimulation mode and investigating a possible correlation between the two putative mediators of coupling, adenosine and NO.
METHODS

General Preparation
Male Wistar rats (250-300 g) were anesthetized with 2% halothane in 30% Oz-70% NZO, tracheotomized, and artificially ventilated (Harvard Rodent Respirator, Harvard, S. Natick, MA). The left femoral artery and vein were cannulated and a continuous intravenous saline infusion (1 ml/h) was started. Body temperature was maintained at 38 * 0. Laboratory, Milano, Italy). The animals were placed in a stereotactic frame. The vibrissae were cut to equal length of 1 cm. To expose the primary SI cortex 3 mm caudal and 7 mm lateral to the bregma, a craniotomy was performed (4 x 5 mm) using a saline-cooled drill, the dura mater was removed, and a closed cranial window (170 pm thick, cut from a cover slip) was implanted (for details see Ref. 18). Halothane-NzO was then discontinued and anesthesia switched to intravenous cx-chloralose (50 mgikg bolus, followed by continuous infusion of 40 mg. kg-l l h-l; Ref. 18). The brain was superfused with artificial cerebrospinal fluid (aCSF) warmed to body temperature with a superfusion rate of 1 ml/h. The aCSF was equilibrated with a gas mixture of 6.6% 02-5.9% CO&37.5% Nz, leading to gas tensions and a pH in the normal range for cerebrospinal fluid. The intracranial pressure was controlled at 3 t 1 mmHg by adjusting the outflow catheter.
Cortical 
Experimental Groups
The design of the experiments is summarized in Fig. 1 . Study I. In this group we tested the effect of adenosine receptor blockade on somatosensory stimulation and the effect of coapplication of an adenosine receptor antagonist with an NO synthase blocker. After recording of a stable rCBF baseline, the rCBF response to whisker deflection was recorded before and after superfusion of the adenosine receptor blocker theophylline (5 x lo-" M in aCSF; this and all other drugs from Sigma Chemical, Deisenhofen, Germany) for 30 min. Then an aCSF was superfused for 30 min containing lo-" M N"-nitro-L-arginine (L-NNA) and 5 x 10m5 M theophylline in aCSF, and the rCBF response to whisker barrel stimulation was recorded again (n = 24). L-NNA is an irreversible inhibitor (6) of the endoth 1' 1 e la and brain parenchymal enzyme NO synthase, which forms NO from L-arginine.
NO ND, not determined.
RESULTS
The physiological variables are summarized in Table  1 . All variables were within normal limits. The rCBF baseline is defined as the rCBF level before stimulation or drug application.
Study I (n = 24)
Stimulation of the mystacial vibrissae for 60 s led to an increase in rCBF of 17.9 t 3.0% above the rCBF baseline ( Fig. 2A) . Superfusion of aCSF containing 5 x 10e5 M of the adenosine receptor antagonist theophylline reduced the rCBF responses to somatosensory stimulation to 10.6 t 2.7% (P < 0.05 compared with control). Unstimulated rCBF was 4.2 t 8.6% lower than before start of theophylline superfusion (NS). Coapplication of theophylline (5 x 10B5 M) and the NO synthase blocker L-NNA (lo-" M) for 30 min led to an additional reduction of the rCBF response to somatosensory stimulation to 7.5 t 1.3% (P < 0.05 compared with control or theophylline alone). Unstimulated rCBF was further reduced by 8.9 t 15.0% below baseline (NS). In five animals of this group the reactivity of rCBF to superfusion of the NO donor SNP (10F5 M) was tested at the start of the experiment and at the end of the experiment (i.e., after superfusion of theophylline for 30 min and theophylline and L-NNA for 30 min). There was no statistically significant difference between those responses (122 t 25 vs. 140 t 25% above baseline, Fig. 3A ).
Superfusion of ADA (1 U/ml in aCSF) decreased the rCBF responses to somatosensory stimulation from 18.2 t 0.7 to 10.7 t 1.9% (P < 0.05; Fig. 2B ). Unstimulated rCBF was not affected (100 vs. 101.2 t 9.6%, NS).
Study III (n = 12)
Superfusion of L-NNA (10e3 M in aCSF) reduced the rCBF response to topical application of adenosine (lo-* M in aCSF) from 39.4 t 10.4 to 22.9 t 10.5% (n = 7, P < 0.05, Fig. 3B ). L-NNA reduced baseline rCBF by 12.5 t 10.5%. This effect was stereospecific, since superfusion of D-NNA (10 -3 M in aCSF) did not affect the rCBF response to topical application of adenosine (n = 5,43.2 t 8.4vs.46.4 t 11.2%; Fig. 3C ).
DISCUSSION
The major findings of the present study were as follows. 1) Adenosine receptor blockade or reduction of the extracellular adenosine concentration reduced the rCBF response to whisker stimulation by -40% without affecting baseline CBF. In view of our results and the data from the literature, two major topics have to be discussed: 1) the role of adenosine in coupling of rCBF to neuronal function and 2) the interrelation between adenosine and other putative mediators of coupling, particularly NO.
Adenosine and Coupling
In our experiments, blockade of adenosine receptors with theophylline (5 x lop5 M) resulted in a 40% reduction of the rCBF response to whisker stimulation, whereas baseline rCBF was unaffected. Theophylline is a nonspecific blocker of Al and A2 receptors, and a number of adenosine receptor-independent effects at concentrations > 10e4M have been demonstrated (e.g., enhancement of catecholamine release from neuronal terminals and translocation of intracellular Ca2+ and inhibition of adenosine 3',5'-cyclic monophosphate phosphodiesterase; Ref. 8). We therefore also tested a different pharmacological paradigm of blocking adenosinemediated effects, i.e., the topical application of ADA (28). ADA superfusion prevents the extracellular action of basal or stimulated adenosine release by the degradation of adenosine to inosine. The results obtained with ADA and theophylline. were virtually identical, indicating a lack of a vasoactive basal release of adenosine and an adenosine-dependent fraction of the rCBF response to somatosensory stimulation of -40%. These findings are in agreement with data by Ko et al. (14) . In their study, pial arteriolar diameter changes in response to electrical stimulation of the sciatic nerve were measured on the SI cortex. Topical administration of theophylline (5 x lOA M) reduced the arteriolar dilatation from 38 to 18% without affecting baseline diameters of pial arterioles.
Using the electrical sciatic nerve stimulation protocol, Northington et al. (23) recently reported results conflict- ing with those of Ko et al. (14), reviving the discussion concerning the adenosine hypothesis. In their study, interstitial infusion of the adenosine antagonist &sulfo-phenyltheophylline (SPT) did not affect the CBF response to sciatic nerve stimulation. Surprisingly, however, SPT decreased resting CBF by 30%, which is in contrast to findings by Van Wylen et al. (29) , who demonstrated no effect of SPT on baseline rCBF at the same concentration and mode of application. Moreover, Northington et al. (23) were unable to measure an increase of extracellular adenosine during sciatic nerve stimulation in the contralateral somatosensory cortex using microdialysis. This negative finding may be caused by the low spatial resolution of microdialysis, which may prevent sampling precisely the cortical volume associated with activation, and the low temporal resolution of microdialysis, which may prevent the detection of rapid transient changes in the extracellular adenosine concentration.
Relation of Adenosine to Other Putative Mediators of Coupling
In addition to adenosine, a variety of mediators have been implicated as metabolic mediators of coupling. In a recent study we have shown that topical or systemic blockade of the enzyme NO synthase decreases the rCBF response to somatosensory (whisker barrel) stimulation in rats by -50% (5). We have therefore concluded that NO may be involved in coupling. Our findings are in agreement with other studies using the same (13) or different stimulation protocols and species (9, 11, 22 (17) and glial cells (10) may be involved in adenosinemediated NO production.
The release of vasodilators such as K+, H+, NO, and adenosine during stimulated activity of neural tissues and the effect of these valodilators on the smooth muscle cell are closely linked.
In 
